Trafficking of fetal cells into the maternal circulation begins very early in pregnancy and the effects of this cell traffic are longlasting. All types of fetal cells, including stem cells, cross the placenta during normal pregnancy to enter maternal blood, from where they may be recovered in pregnancy for the purpose of genetic prenatal diagnosis. Fetal cells can also be located in maternal tissues during and after pregnancy, and persist as microchimeric cells for decades in marrow and other organs. Although persistent fetal cells were first implicated in autoimmune disease, subsequent reports routinely found microchimeric cells in healthy tissues and in non-autoimmune disease. Parallel studies in animal and human pregnancy now suggest instead that microchimeric fetal cells play a role in the response to tissue injury. However, it is still not clear whether microchimeric fetal cells persisting in the mother are an incidental finding, are naturally pathogenic or act as reparative stem cells, and the environmental or biological stimuli that determine microchimeric cell fate are as yet undetermined. Future studies must also focus on investigating whether fetal cells create functional improvement in response to maternal injury and whether this response can be manipulated.
FETOMATERNAL CELL TRAFFICKING AND THE DISCOVERY OF PERSISTING FETAL CELLS
Many events occur during pregnancy and fetal development, which not only influence the health of a child into adulthood, but also have long-term effects on the health of the mother. 1 One such event is the passage of fetal cells into the maternal circulation.
Small numbers of fetal cells traffic across the placenta in every pregnancy. 2 Trophoblasts were the first cell type found in maternal blood, whereas other cell types come from the fetal bloodstream. 3, 4 The presence of fetal erythroblasts, leukocytes, haemopoietic and mesenchymal stem cells (MSC) in maternal blood is not surprising given apposition of fetomaternal placental vasculature. Frequent histological defects in trophoblast continuity and identification of intervillous thrombi comprising mixed maternal and fetal cells, points to the mechanism being fetomaternal haemorrhage from microtrauma. 5 Fetal cells in maternal blood have been investigated for noninvasive prenatal diagnosis for over 30 years, with research focussing on cells with limited lifespan to avoid persistence from previous pregnancies. 2 Persistence probably explains occasional male lymphocytes found in peripheral blood of women giving birth to girls. However, Bianchi et al. 6 reported in 1996 male fetal haemopoietic stem cells (HSC) in the bloodstream of 6/8 women delivered of a boy up to 27 years before, which established the field of fetal microchimerism.
WHAT IS FETAL MICROCHIMERISM?
A chimera is an animal that has two or more different populations of genetically distinct cells and was named after the mythological creature, chimera. 7 Microchimerism is the existence of a low-level allogeneic cell population within a host. Microchimeric states can arise spontaneously, such as in dizygotic twins with connected placental vasculature or iatrogenically, where microchimerism arises after blood transfusion, stem cell or organ transplantation. 8, 9 Fluorescence in situ hybridization (FISH) has demonstrated sex-mismatched donor cells in host tissues after transplantation and conversely, sex-mismatched host cells have been demonstrated in solid donor organs. Although microchimerism has been documented decades after transplantation, its significance is uncertain as graft versus host disease (GVHD) is a chimeric condition, while microchimeric cells can help establish donor tolerance to the graft. 8 Pregnancy is another source of microchimeric cells, implicated by studies in women identifying Y-chromosomes from a male fetus. Male and female fetal cells cross the placenta in equal numbers, but studies of microchimerism rely on the demonstration of the Y chromosome as proof of principle.
Fetal microchimerism is defined as low levels of fetal cells harbouring in maternal blood and tissues during and for years after pregnancy. It has been proposed as 'a state of balance between host versus graft and graft versus host reactions, leading to the acceptance of the allogeneic fetus'. 10 Presumably, the placental immune suppression that is needed to maintain the allogeneic pregnancy also helps establish microchimerism. This immune suppression of pregnancy may remain for several months after delivery, allowing persisting fetal cells time to establish themselves. 3 All parous women thus become chimeric.
THE AUTOIMMUNE DISEASE HYPOTHESIS
Nelson et al. 11 who speculated that fetal microchimerism mediated the higher prevalence of autoimmune disease in women, first made the connection between fetal microchimerism and human pathology. This hypothesis is supported by similarities of chronic GVHD to some autoimmune conditions, their predilection for women of childbearing age with an increased incidence after the reproductive years, and experimental models of autoimmune disease showing fetal cells in affected tissue. 12 -14 Microchimeric fetal cells have now been demonstrated in tissues from women with systemic sclerosis, primary biliary cirrhosis, Sjogren's syndrome, rheumatoid arthritis, systemic lupus erythaematosus (SLE) and autoimmune thyroid diseases. 4 Fetal microchimerism has been firmly implicated in the pathogenesis of systemic sclerosis based on studies confirming increased microchimerism in peripheral blood, skin lesions and other organs compared with controls, and the identification of higher numbers of fetal cells in unaffected skin from affected patients compared with controls, as well as clinical similarities with GVHD. 14, 15 However, the autoimmune hypothesis is weakened by the discovery of persistent fetal cells in nonautoimmune conditions such as hepatitis C and thyroid adenomas and by the many reports of fetal microchimeric cells in healthy tissues. 16 Studies suggest that most autoimmune conditions are not significantly associated with more microchimeric cells in blood or tissues when compared with controls ( Table 1 ). In addition, although fetal cells appear to accumulate in clinically affected organs, 17 there is no conclusive evidence that fetal cells cause autoimmune disease. Thus, it cannot be concluded that fetal microchimerism always results in a graft versus host phenomenon. 18, 19 
FETAL MICROCHIMERISM OCCURS IN HEALTHY WOMEN
The frequency of fetal microchimerism in healthy women is unknown, but controls studied in the autoimmune disease reports suggest wide variation (median 8%, range 0 -72%) ( Table 1) . Male DNA was detected in 29% of apheresis products from non-pregnant female marrow donors and in 48% of the enriched HSC fraction, confirming chimerism is common. 20 All mice in a study many years ago demonstrated fetal cells from an earlier pregnancy persisting in lymphoid tissue, 10 while more recently Khosrotehrani et al. 21 used murine models to show microchimerism in a variety of tissues in all pregnant mice during pregnancy.
Fetal microchimerism in humans seems as frequent as in animal studies and may even be always present. This was confirmed by a report of male presumed-fetal cells found in bone marrow and bone from all postreproductive women who had sons decades earlier, but none in those without sons ( Figure 1 ). These data showed that fetal cells transferred into maternal blood during pregnancy engrafted and persisted long term in marrow and bone, but also implied the fetal cells involved might be MSC. 22 
WHAT INFLUENCES MATERNAL DEVELOPMENT OF FETAL MICROCHIMERISM?
Factors predisposing to the development of fetal microchimerism are much debated. There is more fetomaternal cell trafficking where the placenta is abnormal, after invasive diagnostic procedures and in certain complications of pregnancy, such as fetal aneuploidy, pregnancy loss or termination and preeclampsia, 18 which implies that more microchimerism should be established. However, early fetal loss seems the only pregnancy complication significantly influencing microchimerism. Khosrotehrani et al. 23 also speculated that miscarriage allowed more primitive types of fetal cells with the greater capacity to differentiate to enter the maternal circulation.
The HLA relationship between maternal and fetal cells appears relevant in determining the long-term effects of fetal cell trafficking and persistence. 24 HLA-incompatible fetuses may be at an advantage in pregnancy and HLA-compatibility seems to confer a greater risk of autoimmune disease after pregnancy. For example, in studies of rheumatoid arthritis, fetomaternal HLA disparity is associated with pregnancy-induced remission of disease, whereas women with systemic sclerosis are almost nine times more likely to have given birth to a HLA-compatible child. 25 However, although certain maternal HLA alleles are more frequently associated with fetal microchimerism, 11 this finding is controversial. 26, 27 Genetic and environmental factors are also likely to contribute to the effects of microchimerism, possibly by regulating the proliferation or differentiation of the fetal cells. 24 
FETAL MICROCHIMERIC CELLS AND THE REPAIR OF MATERNAL TISSUES
In recent years, it has been suggested that microchimeric fetal cells respond to maternal tissue injury and that the primary biological role of fetal microchimerism is reparative. 26 Injured tissue might produce signals that mobilize fetal stem cells from the pregnancy reservoir or the local microenvironment might stimulate the differentiation of engrafted stem cells into specialized cells. 3, 26 It is also possible that chronic tissue injury might actually promote the establishment of microchimerism. Christner et al. 28 used murine models of skin fibrosis to show that fetal cells were recruited to sites of injury and other rodent work also implicates fetal microchimerism in tissue repair rather than disease pathogenesis. 29, 30 In women, male cells were found in a high proportion of those with hepatitis C, thyroid adenomas and polymorphic eruption of pregnancy (PEP). However, the first direct association between fetal microchimerism and tissue repair in humans was Khosrotehrani's demonstration of fetal cells bearing epithelial, leukocyte and hepatocyte markers in diseased tissue, which were absent from male cells in adjacent healthy tissue. 31, 32 Recently, microchimerism in SLE has been re-investigated to determine any association between the distribution of microchimerism in affected tissues and the amount of injury. Male presumed-fetal cells were identified significantly more often in diseased organs from women with SLE than in controls, but were also more common in organs that experienced a non-SLE-related injury. 33 This confirms a relationship between microchimerism and tissue injury rather than an association with autoimmune disease alone.
IS A FETAL STEM CELL RESPONSIBLE FOR MICROCHIMERISM?
The fetal cell type responsible for microchimerism is unknown and candidates include all cells in fetal blood that persist long term. 3, 18 Several lines of evidence support a stem cell being involved. First, infused stem cells migrate to host tissues and differentiate to adopt characteristics of host organs. Second, allogeneic fetal cells proliferate in maternal bone marrow during index and subsequent pregnancies. 10 Next, persistent fetal cells are found among stem cell populations decades after pregnancy. 6 Finally, differentiated male cells become indistinguishable from female tissue years after pregnancy, suggesting fetal cells expand within host tissue, while microchimeric fetal cells bear a variety of different lineage markers. 3, 22, 34 The fact that fully differentiated fetal cells with a short halflife and no self-renewal ability appear regularly in maternal tissues years after pregnancy is substantial evidence for fetal O'Donoghue. Fetal microchimerism stem cell involvement in microchimerism. 3 In support of this theory, Johnson et al. 35 showed that male cells in a patient's liver came from a pregnancy terminated 17 -19 years beforehand, while O'Donoghue's et al. 22 work in bone marrow and Sawaya's in skin showed fetal microchimerism in women decades after the birth of their last son. 36 The demonstration of entirely male sections of thyroid, identical to surrounding female cells, also suggested that this woman had acquired a male stem cell during her pregnancy and that the stem cell had migrated to her thyroid to form new thyroid cells. 37 The nature of the stem cell involved is controversial, but could be mesenchymal, haemopoietic or a common precursor. 34 Bianchi's group acknowledged this uncertainty, adopting the term pregnancy-associated progenitor cells. 18, 26, 37 The literature on fetomaternal haemopoietic traffic and the original findings of persistent cells with haemopoietic markers implicates HSC. 6, 18 However, fetal MSC may also be involved. 22, 34 MSC express numerous adhesion molecules that, along with their adherent properties, suggest they readily implant in tissues. Adult marrow-derived MSC engraft widely in animal models and preferentially home to bone marrow. Next, MSC are immunomodulatory and non-immunogenic, which may aid ability to persist in tissues. Finally, male cells identified in bone marrow from women with sons were immunophenotypically MSC. 3, 22 
INSIGHTS FROM MURINE MODELS OF MICROCHIMERISM
Human studies on microchimerism are limited by ethical constraints, the necessary use of archived tissues and by incomplete reproductive histories. For these reasons, some groups have turned to using murine models of disease (Table 2) . 18 Further, the many transgenic murine lines available, along with their short gestation have enabled the use of markers to track fetal cells in the mother mouse.
Khosrotehrani found that GFPþ microchimeric fetal cells which were present in all tissues tested in pregnant mice, declined in frequency with increasing time postpartum and were still present in some retired breeders. 21 This study also confirmed that the natural history of microchimerism in the mouse was equivalent to the human. Christner first showed that fetal cells were recruited to sites of injury in response to tissue damage: injection of vinyl chloride in retired breeders showed a huge increase in male genetic material in maternal peripheral blood and a doubling in skin fibrosis not seen in controls. 28 As in humans, there are now increasing data to show that fetal microchimerism increases in injured rodents ( Table 2 ). 38 Chemical hepatic and renal damage in rats recruited fetal cells to the injury site with tissue-specific differentiation. 29 Fetal cells in maternal brain doubled after neural injury 39 and, in another model, greater numbers of fetal cells were demonstrated in inflamed skin compared with non-inflamed areas. 40 Murine models of microchimerism have also been successfully used to track fetal cells postpartum, using bioluminescence of the living animal. 18, 26, 40, 41 When wild-type mothers with fetuses transgenic for luciferase driven by a collagen promoter were monitored using bioluminescence after skin biopsy, luciferase activity was detected in vivo in maternal excisional wounds one week after injury, which then diminished with healing to be undetectable postpartum. Fresh maternal injury postpartum resulted in the skin activation of the fetal collagen promoter, confirming the microchimeric cells as fetal and suggesting their non-haemopoietic origin. 41 
THE HIDDEN LINK BETWEEN PREGNANCY AND CANCER
In a recent study, fetal microchimerism was investigated in healthy and diseased lung tissues from a group of women undergoing surgery for suspected lung cancer. 34 These women formed part of the cohort who donated marrow and rib sections, and their obstetric histories were known. 22 Male cells were identified using FISH and polymerase chain reaction techniques in pathological lung tissue from all women with known male pregnancies, but not in those without sons (Figure 1) . The frequency of male microchimeric cells was seven-fold greater in lung tumours than marrow and was two-fold greater than in normal bone from the same women. Male cells in lung were clustered in tumour rather than in surrounding healthy tissues. 34 This not only implies that fetal cells transferred into maternal blood during pregnancy engraft marrow and can be located years later in other organs, but also implicates fetal microchimeric cells in tissue repair. Although the authors could not prove the origin of the microchimeric cells, they suggested that fetal cells present at sites of injury were stem cells, possibly recruited from bone marrow. 34 Women with lung cancer have better survival rates than men, which cannot be easily explained by cancer stage, type or treatment. Reproductive factors have been suggested as the reason for this disparity, 42 but as nulliparous women have been shown to have a worse prognosis than those with children, it has been speculated that persistent fetal microchimeric cells might also play a role in survival. 34 Breast cancer is more common in the nulliparous woman and it has also been suggested that microchimeric fetal cells play a role in the protective effect of parity. In support of this, Gadi and Nelson 43 recently reported peripheral blood microchimerism significantly more often in healthy women compared with women with breast cancer. They proposed that naturally acquired allogeneic fetal cells provided protection against cancer antigens through priming of the maternal immune system during pregnancy. 43 Few other reports have examined fetal microchimerism in relation to cancer. A study of thyroid microchimerism included seven women with thyroid carcinoma, of whom three of four with sons had male cells detected, 37 while male cells with epithelial markers were found in cervical cancers from five of eight women with sons, suggesting that microchimeric cells might play a role in carcinogenesis. 34, 44 In chronic injury, it is speculated that the recruitment of stem cells from bone marrow might transform into cancer over time. 45 Alternatively, damaged tissue releases chemokines, which help recruit stem cells, and it is biologically plausible that engrafted fetal stem cells could be also attracted. In the lung tumour study, microchimerism was also established in comparatively greater numbers in cancerous tissues than in healthy tissues. However, microchimeric cells were clustered in benign as well as malignant lung tumours, which does not support the idea that such cells are preferentially involved in malignancy, but suggests instead they are involved in the injury and repair process. 34 
FETAL MICROCHIMERISM AND TISSUE REPAIR DURING HUMAN PREGNANCY
For years, the only evidence that microchimeric cells engraft during human pregnancy came from male DNA in skin biopsies from women with PEP, a cutaneous eruption of unknown pathogenesis, which occurs during the third trimester of pregnancy and disappears after delivery. Male fetal cells were identified in skin biopsies from pregnant women with PEP and investigators hypothesized that fetal cells migrated to the maternal skin during pregnancy to cause an inflammatory response, leading to the disease. 46 A novel study recently used the appendix as a model of injured tissue to determine whether fetal cells participated in tissue repair during pregnancy. 32 Male cells were found in appendix specimens from all women with sons, who underwent clinically indicated appendicectomy in pregnancy (Figure 1 ). Preliminary analysis implied that women with histologically confirmed acute appendicitis had the greatest numbers of microchimeric cells in the appendix, compared with chronic inflammation or normal tissues. In addition, microchimeric frequency was higher in those with a male fetus in utero at the time of appendicectomy, compared with those with a previous male pregnancy. These findings suggested that fetal cells were present at sites of injury, had differentiated and participated in tissue repair during pregnancy. 32 In addition, fetal cells appeared to respond according to the type of injury and in proportion to the amount of damage. Therefore, in response to signals produced by injured tissues or inflammation, it is possible that microchimeric fetal cells proliferate locally and differentiate into specialized cells or, alternatively, after injury fetal cells migrate from marrow to sites of damage to become involved in tissue repair. 32 
PROPOSED IMPACT OF FETAL MICROCHIMERISM ON WOUND HEALING
The normal wound healing process has three phases: inflammation, tissue formation and tissue remodelling that overlap in time, and remodelling can continue for over a year. Bone marrow promotes healing and reconstitutes skin, and experimental work has already shown that whole bone marrow, as well as cultured stem cells from marrow, accelerates wound healing. 47 Microchimeric fetal stem cells could be recruited from maternal bone marrow to sites of skin injury along with the endogenous stem cell population, but there is no evidence -yet, to support a beneficial effect of these primitive fetal stem cells on wound healing in the adult.
However, fetal wound healing is unique and fetal skin wounds heal rapidly without scar formation. These woundhealing properties appear to be intrinsic to fetal skin rather than a result of the fetal microenvironment and are most likely due to properties of fetal fibroblasts. There is also evidence from animal models that the state of differentiation of fetal cells is an important factor in determining scarless healing, with early gestation fetal cells healing without scar formation compared with later gestation fetal cells. 48 In the adult, age-related delayed wound healing has been blamed on an altered inflammatory response, declining fibroblast function and changes in angiogenesis. There are gender differences too, with less effective skin repair mechanisms obvious in postmenopausal women. If microchimeric fetal cells are drawn to sites of skin injury, wound healing in the adult after pregnancy may become more fetal-like, given the presence of fetal cells in 
'GENDER MATTERS'
The pregnancy-acquired low-grade chimeric state of women could have implications for graft survival after transplantation. 3 Tissues or organs taken from a woman who has been pregnant are likely to contain a mixture of her own cells and those of her children. Multiparous donors confer a higher rate of GVHD on their recipients, presumably due to the presence of additional microchimeric cell populations. Similarly, graft survival is worse in women after several pregnancies, suggesting that multiple fetal cell populations increase rejection risk. It is now acknowledged that the majority of reports of stem cell trafficking and differentiation post-transplantation in adults require re-interpretation as a Y-chromosome within female tissues could be a consequence of fetal microchimerism rather than migration of recipient stem cells. 49 
WHY DO WOMEN LIVE LONGER THAN MEN?
Persisting fetal cells may also create other advantages for maternal health and influence longevity, especially if stem cells are involved. Properties of stem cells include their capacity for repeated self-renewal and their long-term multilineage potential. Little is known of these characteristics in situations where allogeneic stem cells compete with resident stem cells, as in fetal microchimerism, and it is interesting to speculate on the possible benefits to the mother of an influx of stem cells from the fetus. 1, 3 Epidemiological research also supports a role for pregnancy in determining longevity, and transplantation research associates cell migration and establishment in parts of the host with long-term survival of both graft and recipient. Therefore, fetal microchimerism may be a natural way for the adult female to obtain useful primitive stem cells, a mechanism to provide genetic stability and ensure her longevity. 3, 50 All types of human chimeras share a single biological trait: they initiate only during pregnancy. 50 Human fetuses are described as 'semi-allogeneic grafts challenging the maternal immune system'. Spontaneous chimerism is thus proposed as an evolutionally beneficial state. 1, 12, 50 On the one hand, microchimerism occurring in human pregnancy may be designed to teach the fetus different immune mechanisms to prevent the establishment and the expansion of dangerous variants and to influence future disease susceptibility. 50 On the other hand, increased fetal microchimerism is often the result of a complication during pregnancy, so this larger transfusion of fetal cells assists maternal recovery and survival after delivery. 1 Pregnancy confers a lasting biological advantage on the mother.
CONCLUSION
Fetal cells cross from the fetus into the mother's circulation during pregnancy and persist in her bone marrow for years afterwards, which implies that all parous women are chimeric. The fetal cells involved are likely to be stem cells, which pass into maternal blood in early pregnancy. While persistent fetal cells were initially thought to cause disease, animal studies now suggest that these fetal microchimeric cells are involved in the repair of damaged maternal tissues after a variety of different types of injury. Studies in human pregnancy have recently found microchimeric fetal cells present in numbers at sites of maternal tissue injury both during and decades after pregnancy.
Therefore, through pregnancy, it appears the mother gains cells that may have therapeutic potential. Fetal microchimerism contributes to the mother's ability to repair damaged or unhealthy tissue, which may be of relevance for long-term maternal health, regulation of ageing and control of longevity. Future human studies of fetal microchimerism must focus on characterizing the fetal cell type involved, resolving the debate on which stem cell type is responsible and also establishing the competitive advantage of fetal stem cells over the endogenous adult stem cell population. Determining whether microchimeric fetal cells can create functional improvement in response to maternal injury or tissue damage is key to understanding the implications of fetal microchimerism for long-term maternal health.
